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Abstract. Two species of freshwater bivalve were ex-

posed to hyperosmotic solutions of various noneJectrolytes

to compare the piuacellular permeability of their gill epithe-

Ua. In Corbiciila fluminea. exposure resulted in an elevation

of blood solutes that was primarily due to dehydration.

After 36 h of exposure, the concentration of Na in the blood

decreased precipitously, and the nonelectrolyte accumu-

lated. When lanthanum was added to the solution as a

diffusion tracer, its electron-dense precipitate was rarely

observed to penetrate the paracellular spaces of the gill

epithelial cells in the absence of hyperosmotic stress. In

contrast, precipitated lanthanum was commonly observed

in the paracellular junctional complexes of the gill in ani-

mals that were subjected to hyperosmotic conditions.

When the second species, To.xolasma te.xasensis. was

exposed to hyperosmotic solutions of nonelectrolyte, de-

hydration appeared to be minimal and a seemingly normal

concentration of ions was maintained in the blood. This,

however, was because of the simultaneous loss of ions

and water and a small gain in nonelectrolytes. Longer

exposure ( 12 h or more) produced a precipitous decrease

in most blood solutes and an extensive accumulation of

nonelectrolyte. More lanthanum precipitate was seen in

the paracellular spaces of both control and hyperosmot-

ically stressed T. texasensis than in identically treated C.

fluminea. Weconclude that the epithelial junctions found

in C. fluminea are relatively tight, which probably con-

tributes to the ability of this species to maintain the solute

in its body fluid at concentrations higher than are possible

in T. texasensis.

Introduction

The paracellular pathway is the site of the high electri-

cal conductance of "leaky"" epithelia in vertebrates
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(Fromter and Diamond, 1972). This particular pathway

is usually limited by tight junctions, and can operate as

a simple "gate"" in several epithelia (Diamond, 1977).

Paracellular movement of solute has been demonstrated

in the epithelia of vertebrate gallbladder, small intestine,

and proximal renal tubules (Boulpaep, 1971; Barry et al.,

197 1 ; Fromter and Diamond 1972). In molluscs and some

other invertebrates, the septate junction performs a func-

tion similar to that of the vertebrate tight junction (Lord

and DiBona. 1976). When dehydrated, the terrestrial slug

Lelunannia valentiana displays rapid water uptake and

accumulates nonelectrolytes (mannitol and inulin)

through paracellular pathways in the foot epithelium (Ug-

lem et al.. 1985). In the intestine of the sea slug Aplysia

Juliana, the paracellular pathway constitutes the major

conductive route for both Na and Ci (Gerencser, 1982).

In recent studies, the gill epithelia of Dreissena poly-

morplia (zebra mussel) have demonstrated unusually

"leaky"" characteristics (Dietz et al.. 1995; Dietz et al.,

1997). When exposed to solutions that were hyperosmotic

to their blood, individuals of this freshwater species experi-

enced substantial solute movement through paracellular

pathways. Following exposure to hyperosmotic but low

ionic strength solutions ( 100 niM) of mannitol. glucose, or

sucrose. D. polymorpha specimens lost 80%-85% of their

blood Na and CI within 12 h, with concomitant accumula-

tion of the nonelectrolytes from the bathing medium

through the paracellular pathway (Dietz et al.. 1995; Dietz

('/ al.. 1997). Finally, D. polymorpha also has a substantial

diffusive uptake of Rb from hyposmotic solutions (Wilcox

and Dietz, 1995). Paracellular solute movement has not

been assessed in any other species of freshwater bivalve.

Corbicula fluminea (Miiller) belongs to the family Cor-

biculidae and entered fresh water during the Pleistocene

(Keen and Casey, 1969). C. fluminea has been reported

to inhabit brackish water up to 5%f salinity although it is
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considered to be a freshwater species (Filice, 1958: Ha-

yashi, 1956). C. fliiminea has a higher blood osmolality,

a higher rate of ion transport, and a different blood ionic

composition than unionid mussels (McCorkle and Dietz,

1980; Dietz 1985: Dietz et al. 1996: Zheng and Dietz,

1998). In contrast to the corbiculids, the unionid bivalves

invaded fresh water in the Triassic (Keen and Casey,

1969). The unionid To.xolasma texasensis (Lea) and the

corbiculid C. fluminea may have evolved different epithe-

lial characteristics and. thus, were chosen as bivalve mod-

els for a comparative study of paracellular permeability.

In this study, we demonstrate that C. fluminea epithelia

were relatively non-leaky during a 36-h exposure to a

hyperosmotic nonelectrolyte challenge. After the 36-h hy-

perosmotic challenge the epithelia became selectively

leaky, allowing the mussel to gain nonelectrolytes and

lose ions, primarily Na. In contrast, T. texasensis speci-

mens subjected to similar hyperosmotic conditions had

relatively leaky epithelia: they gained nonelectrolytes

within 4h and lost most of the ions from their blood

within 12 h.

Materials and Methods

Animals

Corbicula fluminea was collected, under permit, from

the Tangipahoa river in Mississippi. Most Toxolasma

(Canmculina) texasensis and some C. fluminea were ob-

tained under permit from ponds in Louisiana. The animals

were acclimated to an aerated artificial pondwater (PW)

containing (in mM) 0.5 NaCl, 0.4CaCl2, 0.2NaHCO,.

and 0.05 KCl at 22°-25°C for at least 1 week before use.

Blood analyses

Blood was collected anaerobically by cardiac puncture

(Fyhn and Costlow, 1975) and centrifuged 1 min at 8000

X g. The supernatant was used for solute determinations.

Total solute was measured by freezing point depression

on undiluted samples. Concentrations of K and Na were

measured by flame photometry. CI by electrometric titra-

tion, and Ca and Mgby atomic absorption spectrophotom-

etry on samples diluted with LaOj/HCl. The nonspecific

phenol/sulfuric acid method was used for rapidly measur-

ing total sugar concentration in large numbers of samples

(Montgomery. 1957), and glucose was measured, using

a specific glucose kinase procedure (Sigma Chemical), for

some samples. Mannitol concentration was determined

by HPLC separation using a normal phase APS-hypersil

column and a refractive index detector (Gade, 1991 : Dietz

et al., 1995). A 5-^/1 sample of blood in 45 ^1 of acetoni-

trile was injected onto the column. Mannitol concentra-

tions calculated from the HPLC chromatography peak

area had less than 5% error.

Ion transport

Net ion flux ( J„ ) was calculated from the change in ion

concentration of the bath (Dietz, 1978). The animals were

rinsed with deionized water for about 30 min. then each

specimen was transferred to a separate 50-ml beaker with

appropriate bathing medium. Bath samples were collected

at 6-h intervals, and J„ was calculated and expressed as

fjeq g ' dry tissue h '.

Hyperosmotic conditions and paracellular permeability

Artificial pondwater containing 100 mMmannitol or

glucose was used to establish an osmotic gradient without

the confounding effect of an elevation of ion concentra-

tion in the bath. Each specimen was placed in a separate

50-ml beaker with the indicated bathing medium during

an experiment. All animals opened their valves, siphoned

the medium, and survived the treatment in hyperosmotic

nonelectrolyte solutions. In some experiments, sucrose

was used as an osmotic stressor and lanthanum was added

to the PWas an electron-dense diffusion tracer to stain

the paracellular spaces for electron microscopy (Dietz et

al., 1995: 1997). Animals were exposed to CO-free PW
containing 0.1 mMLaClj and 100 mMsucrose for 2 h or

12 h. Lanthanum carbonate forms an insoluble precipitate

at the site of La contact with endogenous HCO,. The

total solute was measured on blood samples collected

from the sucrose-treated animals and from controls ex-

posed to the same solution without sucrose. Gills were

excised and fixed for 2 h in 2% glutaraldehyde prepared

with a phosphate buffer that was isosmotic with the blood

of each specimen, and adjusted to pH 7.3 (Gardiner et

cd., 1991). Tissues were rinsed with a buffer, exposed to

1 %osmium tetroxide for 1 h, and dehydrated in an etha-

nol series. The tissues were infiltrated with 50'7f LR White

resin in ethanol overnight, transferred to 100% LR White

resin (2-3 changes), and polymerized at 59°C overnight.

Tissues were thin sectioned with an ultramicrotome (50-

70 nm). and examined with a JEOL CX-100 transmission

electron microscope operating at 40 or 80 keV without

further contrasting with heavy metals.

Statistical analyses

Data were expressed as the mean ± the standard error

of the mean, with the number of animals in parentheses.

Statistical significance was determined by one-way AN-

OVA or Student's t test. For some data sets in which

larger variances were unequal, the data were transformed

by the natural log (Ln) for the statistical analysis.

Results

The responses of C. fluminea to hyperosmotic stress

Mannitol. Analysis of the blood from animals exposed

to 100 mMmannitol in pondwater demonstrated that hy-
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perosmotic stress induced an elevation in tiie ion concen-

trations, increasing the total solute concentration (Table

I). After 12 h exposure to 100 mMmannitol in PW. os-

molality and all ion concentrations in the blood of the

animals were significantly elevated, with the exception

of K. The average net flux of Na and CI was unchanged

during the initial 12 h of the experiment [control: J„^" =

0.30 ± 0.20, J,,^' = 0.78 ± 0.16 (n = 6); treated: J,,^' =

0.13 ± 0.12, J„''' = 0.63 ± 0.09 (n = 6) /veq g"' dry

tissue h '], indicating that the rise in body-fluid solute

concentrations was primarily due to dehydration.

A small amount of mannitol was detected in the blood

after 12 h of exposure to 100 mMmannitol, but after

24 h of exposure the mannitol concentration increased

significantly (Table I). These data suggest that the perme-

ability of the epithelium changed after prolonged expo-

sure to the hyperosmotic 100 mMmannitol solution. Al-

though the Na concentration in the blood rose further

during the 12- to 24-h exposure to hyperosmotic mannitol.

there was no difference between the 12-h and 24-h treat-

ment groups for the other ions. These data are consistent

with a prolonged osmotic loss of water and a dehydration-

induced elevation of ion concentrations in the blood. The

penetration of mannitol into the body fluids was likely

via paracellular routes (see below).

Glucose. Glucose was selected as an alternate nonelec-

trolyte to induce a hyperosmotic challenge as it allowed

more rapid chemical analysis. In most cases the changes

of ion concentration in the blood that were induced within

24 h of exposure to hyperosmotic glucose solutions were

similar to those produced by mannitol (Table II). At 12 h

of exposure to 100 mMglucose, the osmolality and the

concentrations of all ions except K were significantly ele-

vated in the blood. With the exception of calcium, which

continued to rise during the 24 h of exposure, the other

ions in the blood showed no further concentration changes

Table I

Comparisons of ion concentrations, total solute, anil the

accumulation of mannitol in the blood of C. fluminea over different

periods of exposure to 100 niM mannitol in pondwater
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Table II

Comparisons of ion concentrarions. total solute, and the accumulation of i;lmose in the Hood ofC. fluminea over different exposure limes to

100 mMglucose in pondwater

100 mMglucose

Solute
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Figure 1. Transmission electron micrographs of gills from Corbicula Jiuminea (A-D) and Toxolasma

texasensis (E-G) exposed to solutions containing 0.1 mMlanthanum. All sections are unstained, and the

apical surface is at the top of each micrograph. The calibration bar for all micrographs is at the bottom

right comer. (A) Gill epithelium from a C.flwninea specimen that was exposed to lanthanum in pondwater

for 12 h (control). A small deposit of electron-dense lanthanum precipitate is in the lateral (paracellular)

space between cells in the center of the micrograph (arrowhead); bar = 0.46 ^m. (B) Gill epithelium from

an animal that was exposed to 100 mMsucrose in pondwater for 2 h. Small amounts of lanthanum deposits

are noticeable in the space between cells (arrowheads); bar = 0.23 ^lm. (C) Gill epithelium from an animal

that was exposed to 100 mMsucrose in pondwater for 12 h. Extensive electron-dense lanthanum deposits

are present in the space between cells (arrowheads); bar = 0.24 ^m. (D) A different region of the same

tissue appears more condensed, and a series of lanthanum-containing "blisters" are seen in the lateral

membrane region between the epithelial cells (arrows). These blisters may appear as vesicles that are

incorporating portions of lateral membranes; bar = 0.89 nm. (E) Gill epithelium from a T. texasensis

specimen that was exposed to lanthanum in pondwater for 12 h (control). Close to the bottom of the

micrograph are lanthanum deposits in the lateral space between cells (arrowheads); bar = 0.49 //m. (F)

Gill epithelium from an animal that was exposed to 100 mMsucrose in pondwater for 2 h. Electron-dense

lanthanum deposits are present in the paracellular space between cells (arrowheads); bar = 0.31 fim. (G)

Gill epithelium from an animal that was exposed to 100 mMsucrose in pondwater for 12 h. Extensive

electron-dense precipitates of lanthanum are found in the paracellular spaces (arrowheads). Lanthanum-

containing blisters are present on the right side of the micrograph (arrow); bar = 0.31 ^m.
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changes were not due to deterioration of the cells or tis-

sues. We have observed that although Dreissena poly-

luorpha has the highest paracellular permeability to non-

electrolytes among the bivalves that have been studied,

it will survive for more than 2 weeks in 100 mMmannitol

with little mortality (unpubl. obs.).

The most notable difference between T. texu.sensis and

C. fluminea is that the former has a lower resistance to

long-term hyperosmotic challenge: the difference is prob-

ably due to the relative leakiness of the epithelia in the

two species. The major change in epithelial permeability

occurred after only 8 h of exposure of T. tcxasensis to

hyperosmotic glucose, at which time an acute decrease

of solutes occurred concomitant with the rapid rise of

glucose concentration in the blood. The leakiness was

confirmed by the high net loss of Na and CI from the

mussels. As in C. fiiimiiica. the increased epithelial per-

meability was mostly paracellular. as suggested by the

increase in lanthanum precipitates between the intercellu-

lar spaces after hyperosmotic treatments. Unlike C. flu-

minea. T. te.xasensis was not able to retain its blood ions

after the abrupt change of epithelial permeability. After

12 h of exposure to the hyperosmotic glucose, more than

75%of the ionic solutes were lost from the blood. Further-

more, the loss of the solutes from the blood was relatively

nonselective.

Another significant difference is that instead of experi-

encing an elevation in concentration of the ions in the

blood due to dehydration, T. te.xasensis maintained a

nearly normal ion concentration for a short exposure (up

to 8 h) to a hyperosmotic challenge of glucose. The appar-

ent maintenance of the ion concentration in the blood

was coupled with a comparatively low accumulation of

glucose in the blood, suggesting that the paracellular per-

meability was initially relatively low. The slightly in-

creased osmolality was attributed to the small amount

of glucose that accumulated in the blood. Despite the

dehydrating hyperosmotic conditions, there was no evi-

dence of an elevation in the concentration of ions in the

blood of T. te.xasensis. These results suggest that the mus-

sels were losing body fluids so that there was a concomi-

tant loss of solutes and water, as was observed previously

in D. polyniorplia (Dietz et al.. 1995). This hypothesis is

consistent with the net loss of Na and CI observed during

the hyperosmotic challenge.

The physiological responses of T. te.xasensis to hyper-

osmotic stress are intermediate, but more similar to those

of D. polyinorplia (Dietz et al.. 1995) than of C. fluminea.

In D. polymorpha. approximately 80% to 85% of the Na
and CI in the blood was lost after 12 h of exposure to

lOOmMmannitol or glucose in pondwater. Within 4h
of exposure to hyperosmotic conditions, total solute was

elevated due to the gain of glucose or mannitol in the

blood and not to a dehydration-induced elevation of ion

concentration. The responses of T. te.xasensis to hyperos-

motic challenge are similar to those of D. palymorplia in

at least two respects. For short-term hyperosmotic expo-

sure, in neither species was there a significant elevation

in the concentration of ions in the blood by dehydration.

In addition, during 12 h of hyperosmotic challenge both

species displayed a substantial increase in the paracellular

permeability of the epithelium, allowing the outward loss

of electrolytes and the simultaneous inward diffusion of

nonelectrolytes from the bathing medium.

In both species, the concentration of potassium in the

blood either remained constant as the concentration of

other ions increased, or it decreased. These results are

consistent with a redistribution of K to the intracellular

compartment to provide solute for regulating cellular vol-

ume. Similar results were observed in D. polymorpha

subjected to hyperosmotic challenge (Dietz et ah, 1997,

1998). The elevated Ca concentration in the blood of C.

fluminea likely represents a mobilization of Ca from the

shell (Byrne et al.. 1989).

The tolerance of freshwater bivalves to an osmotic

challenge might reflect their habitats and possibly their

origin. C. fluminea has been reported to inhabit brackish

water up to 5%( salinity, although it is a freshwater species

(Filice, 1958; Hayashi, 1956). Compared to unionid

clams, corbiculids are able to maintain a higher osmolality

(Dietz, 1979; McCorkle and Dietz, 1980; Zheng and

Dietz, 1998). The characteristics of relatively lower para-

cellular permeability of the epithelia and higher ion trans-

port rates allow C. fluminea to maintain the solutes in its

blood at a higher concentration than that found in the

unionid clam T. te.xasensis. Thus. C. fluminea is less sensi-

tive than T. texasensis to osmotic stress and more resistant

to environmental osmotic challenges.
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